Abstract-An efficiency-optimized scheme for Optical phased array (OPA) beam steering controlled by wavelength is proposed. In this scheme, an OPA is designed based on optical waveguides with specific interelement center-to-center spacing and length difference, by which the number of elements (phase shifters) that result in high Signal-to-Noise ratio (SNR) can be dramatically decreased. To suppress the sidelobes, we worked out a method based on gradient techniques to optimize the interelement spacing and length difference. And we mathematically prove the SNR in the case of optimized scheme is unchanged when beam steering controlled by wavelength.
Optical phased arrays, which have been scaled down for use at optical wavelengths, are direct functional analogs of microwave phased-array antennas and share the same fundamental beamforming concepts as their microwave precursors. OPA provide an elegant means for the inertialess, high-resolution random-access beam steering that is required by numerous applications, including laser radar and laser communication. Before us, various kinds of phase shifters have been studied and tested, such as LiNbO 3 [1] , AlGaAs [2, 3] , liquid crystals [4] , PLZT [5] and etc. However, some difficulties impede the technology of OPA beamsteering to high performance and practical application, one of which is the coupling problem because the interelement spacing of phased array should be sufficiently close (d ≤ λ/2 is needed for an efficient phased array, where d is the interelement spacing of the array and λ is the optical wavelength) to eliminate sidelobes in the far-field radiation pattern.
We proposed an idea [6] that the phased-array optical deflectors are randomly arranged with nonuniform spacing, which can solve this difficulty of d ≤ λ/2 in the optical domain. Moreover, we have proved feasibility of using integrated optical waveguides [6] and photonic crystals [7] as the phase shifters of OPA.
However, this idea has a disadvantage that it can effectively suppress the sidelobes only when the number of the elements is quite large, (To have a suppression ratio of 10 dB, it needs average 100 to 200 elements at the range of spacing from 20 µm to 40 µm) and it is difficulty to fabricate and, more importantly, it may not meet the condition of temporal coherence. In this paper, we worked out a computing method to optimize the interelement spacing and length difference to curtail the number of elements used in the array for practical application and to ensure the possibility of temporal coherence. This paper is organized as follows. In Section 2, we give the optimized result which is a group of numbers relevant to the interelement spacing and length difference. In Section 3, we mathematically prove the Signal-to-Noise ratio (SNR) is constant with change of radiation angle. And we demonstrate the method of optimization we used.
OPTIMIZED RESULT
In the following, firstly, we review the idea of nonuniform spaced array which necessarily establish the relation between the interelement spacing d i and the length difference ∆l i (∆l i = l i+1 − l i ) between the adjacent elements i + 1 and i, and numerically calculate radiative angle of the phased array against optical wavelength.
In this theoretical model shown in Fig. 1 , the distances between elements are not equal, i. e.,
, N is number of elements. And, the length differences between adjacent elements are nonuniform. A tunable laser source is used in the scheme, in which the wavelength λ varying from λ 0 − ∆λ max to λ 0 + ∆λ max and d i λ are assumed. For a one-dimensional array of emitters and under the Fraunhofer approximation, we can get the maximum intense beam, the so-called main lobe, which results from the constructive interference, at the direction [6] 
Where k i is an integer which determines the interelement spacing d i and length difference ∆l i , n is the effective refractive index of the waveguide, and i = 1, 2, . . . , N − 1. Then θ = arcsin(∆λ/∆λ max ). And in directions other than θ, the combined intensity is relatively low. Now we demonstrate that when k i is a special group of numbers, the sidelobes will be dramatically suppressed further. By an optimized method based on the gradient techniques, we get some groups of optimized numbers, k i , which remarkably decrease the number of elements used in array at the same Signal-to-Noise ratio (SNR) in contrast to the condition that k i are random numbers.
The SNR is defined as SNR = maximal sidelobe power mainlobe power .
The above results show through optimization, the SNR, which is approximately 10 dB for N = 25, can be effectively increased compared with the result that the SNR is approximately 10 dB for N = 120 when k i is random number. To achieve the same ratio of suppression of sidelobes, the number of elements we need with optimized k i is 1/3 to 1/4 of that with random k i . This result has great significance because with relatively fewer elements used, the SNR can also achieve the level we expect. So it provides an opportunity for fabrication for practical use with integrated optical waveguide and more importantly, fewer elements mean smaller scale of OPA, which is demanded to meet the condition of temporal coherence because finite wave-trains may not be coherent in an OPA of large scale. The optimized k i are given from the left form. The above results are derived regardless of the pattern of aperiodic spacing. And λ 0 = 1.55 µm, ∆λ max = 0.016 µm, with the difference of optical path length n · ∆l i ranging from 1650.75 µm to 6461.95 µm and the element spacing ranging from 17.040 µm to 66.704 µm.
In addition, when using these optimized k i in experiments, the fabrication error has an influence on the SNR. If we hypothetically add all independent random fabrication errors with the same level to the element spacing respectively, we can see with increase of the error level, the standard variance of SNR enlarge significantly. When the error level is 200 nm, the SNR decrease by approximately 2 dB and the standard variance enlarge to about 1 dB. Even though the SNR diminish and the standard variances enlarge with the increase of error, this result is much better than that when k i is random number [6] because with the random error increasing, the length difference and interelement spacing tend to become random gradually.
MATHEMATICAL THEORY ABOUT THIS MODEL
Next we mathematically prove the SNR in the case of optimized k i is unchanged when optical wavelength varies. For a one-dimensional array of emitters, under the Fraunhofer approximation the radiation is given by [7] 
where I 1 = E 2 1 . Given ∆λ = λ − λ 0 changing from ∆λ 1 to ∆λ 2 , we can find
In order to prove SNR is unchanged, we need to prove the local maximum of sidelobes in these two cases (∆λ = ∆λ 1 , ∆λ = ∆λ 2 ) are equal and corresponding. Given θ 1 is the local maximal point of I(θ)| ∆λ1 , from (4), we should prove the corresponding θ 2 also is the local maximal point of I(θ)| ∆λ2 . In another word, we should prove ∃ε > 0,
So, θ 2 also is the local maximum of I(θ)| ∆λ2 . Similarly, when ∆λ changes from ∆λ 2 to ∆λ 1 , all the local maximum of I(θ)| ∆λ2 can find the corresponding local maximum of I(θ)| ∆λ1 . So, every local maximum can find its equally corresponding local maximum when wavelength changes which means it is impossible to appear new local maximum with change of λ. So, the SNR is unchanged when λ varies.
In the following, we demonstrate the method of optimization we used. We try to find a group of k i that can make the SNR achieve the maximum, but there is a difficulty that the SNR cannot be written as a mathematical analytic form because SNR(k i ) is not a conservative function considering varies of the position of sidelobes. So although there are many numerical methods such as The Fletcher-Powell Optimization Technique and Least-pth Optimization Technique [8] , they are not useful in this scheme because these methods need an analytic form of the function of SNR. We worked out a numerical method based on the Gradient Technique that does not need the SNR to be an analytic form.
In this mathematical method, we assume that the SNR is a function which changes with the variation of the N parameters δk 1 , δk 2 , . . . , δk N −1 , where N is the number of the elements. When the changes of these N parameters are sufficiently small, then follows that
where k is a vector having components Since δk is a vector, it can be described by two quantities: direction and magnitude. In order to find a relative maximum of SNR we will use the ∇S/N 's information to choose δk to point in the direction of positive gradient. (Because the SNR cannot be written as a mathematical analytic form,
In the optimized method, we first choose an initial set of k, which results in a value of SNR. Next the gradient ∇S/N is calculated at point k. The parameter changes are then chosen to be in the direction of positive gradient; that is δk = α∇S/N . Where α is a positive constant that can be adjusted according to different accuracy. Then the new parameters can be calculated from the old parameters:
By doing these till the ∇S/N approximately equal to zero, we can find a relative maximum of the SNR. However, often many different initial parameters produce numerous local maximum. Choosing the initial parameters can get different path and achieve different local maximum. In this case, the value of SNR we get may be a local maximum and we can only choose as much as possible of paths to further increase the SNR. In computing, we choose many groups of initial k i randomly and increase the SNR as much as possible.
CONCLUSIONS
In conclusion, an optimized method of OPA made by waveguides and controlled by wavelength was schemed to reduce the number of elements in the system. By doing this, we can ensure the condition of temporal coherence can be met and during the practical use, it can reduce the difficulty of fabrication. We theoretically proved that the SNR remains constant when the optical wavelength changes and we demonstrated a method based on gradient technique to work out the optimized k i when the function of SNR cannot be written as an analytic form. These results show that a wide-angle optical beamsteering with high SNR and high velocity can be obtained by a relative simple device. This scheme will pave a way for the practical reality of OPA.
